Introduction
Defects of several molecular mechanisms including DNA repair, cell cycle checkpoint control, and the ability to undergo apoptosis or premature senescence, could modify cellular sensitivity to DNA damaging agents. Typically, the connection between these mechanisms could be well illustrated by the p53 network and its associated regulation pathways (Amundson et al., 1998) . In response to genotoxic stress, the p53 protein is stabilized and activated by phosphorylations, and via its transcription activity, it induces the expression of numerous genes (el-Deiry, 1998) . Among them, WAF1 (p21, CDKN1A), an inhibitor of cyclin dependent kinases, negatively regulates the G1/S and the G2-M phases of the cell cycle (Dulic et al., 1998; Niculescu et al., 1998) . Beside its eect on cell cycle checkpoints, Waf1 can be up regulated by p53 independent pathways, and could be linked with replication and repair mechanisms, via its interaction with the proliferating cell nuclear antigen (PCNA), an auxiliary protein of the DNA polymerase d and e (Oku et al., 1998; Xiong et al., 1992) . PCNA belongs to a multi-protein complex implicating DNAligase-I (Lig-1), and is involved in joining of Okasaki fragments during replication, and in NER or BER repair process (Tomkinson and Mackey, 1998) . The interaction between Waf1 and PCNA blocks replication and/or repair function of PCNA (Li et al., 1994; Waga et al., 1994) , but PCNA itself could be directly regulated by p53 (Xu and Morris, 1999) .
p53 also regulates the induction of apoptosis via its transcriptional activity by deregulating the balance between proapoptotic/antiapoptotic proteins, like Bax/ Bcl-2 (Budhram-Mahadeo et al., 1999; Miyashita and Reed, 1995) , or by mechanisms independent of its transcriptional activity (Caelles et al., 1994; Wagner et al., 1994) . Apoptotic cell death implicates two main families of eector proteins: (1) the Bcl-2 family including death agonists such as Bax or Bak, and antagonists such as Bcl-2 that could homo-and/or heterodimerized to regulate cell death (Korsmeyer, 1999) ; and (2) the caspase family consisting of protease proteins existing in the cytosol in an inactive form that are sequentially activated by cleavage (Nunez et al., 1998) , thus leading to apoptosis (Green and Kroemer, 1998; Kroemer, 1998) . In addition to these, other proteins like the apoptotic protein defender against apoptotic cell death, Dad1, a subunit of the oligosaccharyltransferase (Kelleher and Gilmore, 1997; Nakashima et al., 1993) have also been implicated in the apoptotic pathways.
During the commitment of apoptosis, the disruption of the mitochondrial inner transmembrane potential, which precedes the release of cytochrome-c and Apoptosis Inducing Factor, is a recurrent phenomenon occurring frequently before the caspase activation. This event is regulated by Bcl-2 and Bax proteins, and by speci®c early caspases such as Ich1/Nedd2/Caspase 2, which is transcribed by alternative splicing in two distinct forms, ICH1-Long and -Short forms (ICH1-L and ICH1-S) promoting and preventing apoptosis, respectively (Wang et al., 1994) . The collapse of the transmembrane potential could be sucient to drive the cell irreversibly into the apoptotic pathway.
The regulation pathways leading to cell survival or cell death after irradiation are complex, and most studies focalized on one or two mechanisms. Moreover, radiosensitivity has frequently been asssessed by measuring DNA double-strand breaks using electrophoretic (Foray et al., 1997) , cytogenetic (Little®eld et al., 1989) techniques, or cytokinesis-block micronucleus assay (Fenech, 1997) . Therefore, it is essential to develop molecular multiparametric approaches in order to improve knowledge of cellular pathways involved in response to radiation, since such biomarkers could be critical for the follow-up of cancer patients treated by radiotherapy, or of healthy people accidentally exposed to radiation.
Using a human lymphoblastoid cell line (Boleth) growing in exponential phase, we have studied the relationships between the cellular response to gamma irradiation (0.5, 1, 2, 4, 8, 16 and 32 Gy: at 0, 0.5, 24, 48 and 72 h after irradiation) in terms of cell survival, proliferation, cell cycle delays, apoptosis and micronucleus assay with the time course mRNA expressions, assessed by semi-quantitative reverse transcriptasepolymerase chain reaction (RT ± PCR ), of genes involved in DNA repair, regulation of cell cycle checkpoints and apoptosis (TP53, WAF1, LIG-1, PCNA, BAX, BAK, BCL-2, DAD1, ICH1-L and -S forms).
Statistical analysis of our results have shown strong correlations between proliferation and survival parameters with mRNA expressions of WAF1 and PCNA 30 min after irradiation, LIG-1 and ICH1-L at 24 h, BAX at 24 and 72 h, and of BCL-2 at 72 h, whereas mRNA expressions of TP53, ICH1-S, BAK, and DAD1 were constant whatever the dose and the time after irradiation.
Results

Cell density, death and apoptosis
As shown in Table 1 , for all doses the overall cell growth decreases as compared to the control. Dead cells and apoptosis are not detectable for doses up to 2 Gy, while for higher doses death occurs as soon as 24 h after irradiation increasing up to 67% at 72 h, and apoptosis takes place as determined by the TUNEL assay (Table 1) .
Cell cycle
As illustrated in Figure 1 , 24 h after irradiation cells arrest, in a dose-dependent manner, both in G0/G1 and G2-M phases of the cell cycle, as shown by the slight decrease of cells in G0/G1, the net decline of the S phase fraction, and the increased percentage of cells in G2-M. As soon as 48 h after irradiation, S phase starts to increase indicating that cells escape from the G0/G1 checkpoint, while G2-M remains high up to 72 h. It should be noticed that after 16 and 32 Gy, no speci®c cell cycle phase accumulation takes place (data not shown), in spite of a great cytotoxicity ( Table 1 ), indicating that these high doses do not allow cells to progress up to a speci®c checkpoint.
Mono-, bi-and multi-nucleated cells
Using the cytochalasine-B treatment which blocks cytokinesis, we were able to score the number of mono-, bi-and multi-nucleated cells following irradiation. These data are complementary to the cell cycle analysed by¯ow cytometry, and give us indications concerning the real capacity of cells to divide. Figure 2 shows the scoring of the mono-, bi-and multinucleated (53) cells. Since cells were not synchronized during the ®rst 24 h of culture, 70 and 15% of control cells contained 2 and 42 nuclei, respectively, while 15% of cells remained undivided after 48 h. The number of mono-nucleated cells increased as function of the dose, reaching a maximum of 90% (Figure 2 ) after 16 Gy (32 Gy was not done at this time). Fortyeight hours after irradiation, for doses ranging from 0 to 1 Gy, cells were able to divide since the number of bi-nucleated cells decreased and the number of tri-or more nucleated cells increased in the meantime ( Figure  2 ). After 2 Gy, the number of bi-nucleated cells decreased slightly and 12% of cells contained more than 3 nuclei. For higher doses, the number of cells in each category remained constant at 48 h as compared to 24 h.
Micronucleus assay
Frequency of micronuclei (Mn) per bi-nucleated cells is representative of the chromosomal damages within cells able to undergo the ®rst mitosis. Twenty-four hours after irradiation, there is a linear relationship between the frequency of Mn per bi-nucleated cells and irradiation doses (Figure 3 ). At any given time (t), cell growth was calculated by the ratio: viable cells (t)/total number of seeded cells (t0)6100 (cell growth of the control as compared to seeded cells was 185, 358 and 414% at 24, 48 and 72 h, respectively). Dead cells were assessed by Trypan blue exclusion, and results are given as a ratio: dead cells (t)/total number of cells (t)6100. For each point, a minimum of 100 cells were counted. Apoptosis was analysed by in situ TUNEL assay at 72 h
Semi-quantitative RT ± PCR
We have analysed by semi-quantitative RT ± PCR the expression of WAF1, PCNA, TP53, BAX, BCL-2, BAK, DAD1, LIG-1, and ICH1-S/ICH1-L genes. As early as 30 min after irradiation we observed an increased expression of both WAF1 and PCNA genes. Overexpression of WAF1 mRNA was proportional with doses up to 8 Gy, for higher doses its expression reached a plateau phase (Figure 4 ). PCNA expression increased linearly for doses ranging from 4 to 32 Gy, whereas for lower doses its expression was similar to that of the control (Figure 4 ). Then, from 24 to 72 h after irradiation, expression of both genes decreased as in the control (data not shown). The induction of BAX mRNA expression occurred in two waves i.e. at 24 and 72 h after irradiation (Figure 4 ), whereas at 48 h the expression decreased and was comparable to that of the control. Expression of ICH1-L and LIG-1 decreased 24 h after irradiation in a similar manner, proportionally with doses ( Figure 4 ), then their levels of expression were stable and remained low up to 72 h after irradiation (data not shown). In this lymphoblastoid cell line, ICH1-S was weakly expressed before irradiation and was not induced up to 72 h following irradiation. Concerning TP53, BAK and DAD1 genes, their respective mRNA expressions were constant whatever the doses and the time of analysis (data not shown). Finally, the level of BCL-2 expression was constant and comparable to that of the control during 48 h, and then decreased in a dose-dependent manner 72 h after irradiation.
Relationship between gene expressions with cell growth/ death, bi-nucleated cells, cell cycle data, and micronuclei
As shown in Table 2 , for doses ranging from 0.5 to 32 Gy, the mRNA expression of both WAF1 and Table 2) .
Discussion
In the present study, we have attempted to correlate the mRNA expression of genes implicated in cell cycle, apoptosis and DNA repair (TP53, WAF1, LIG-1, PCNA, BAX, BAK, BCL-2, DAD1, ICH1-L and -S forms) with cellular responses to gamma irradiation in terms of cell density, proliferation, apoptosis, cell cycle delay and Mn formation. The choice of mRNA pro®ling to study up-and down-regulations of gene expression in response to ionizing radiation could be debated, since mRNAs constitute transient products between genes and proteins, and it is well known that some protein expressions are not regulated at the transcriptional level, a typical example being p53. On the other hand, assessment of gene expression at the protein level has also some limitations, since at a constant level of expression post-translational modi®-cations, which are sometimes essential for protein activity, are undetectable by Western blot analysis, a typical example being ATM. Moreover, from a technical point of view, RT ± PCR is more sensitive than Western blot analysis for qualitative and quantitative studies, and is less consuming in biological material. So overall, protein analysis could be a complementary approach, but establishing mRNA gene expressions constitutes a powerful method to study cellular response to gamma irradiation. The lymphoblastoid cell line used in this study was sensitive to gamma irradiation since 72 h after irradiation at 32 Gy, cell growth was 7% as compared to that of the control, 67% of cells were dead as seen by Trypan blue exclusion, and the few remaining viable cells were no more able to divide as determined by mono-and bi-nucleated cells scoring (Table 1 and Figure 2 ). Cell cycle analysis (Figure 1 ) indicated that within 24 h, irradiated cells began to accumulate in the G1 and G2-M phases of the cell cycle, and progression through S phase was slowed down in a dose-dependent manner. Interestingly, even small doses had eects on cell cycle kinetics, since 24 h after 1 Gy cells were arrested both in G1 and G2-M phases of the cell cycle Figure 4 Semi-quantitative RT ± PCR analysis of WAF1 and PCNA at 0.5 h, BAX at 24 and 72 h, LIG1 and ICH1-L at 24 h and BCL-2 at 72 h after irradiation at doses ranging from 0 to 32 Gy Correlations were calculated for gamma irradiation doses ranging from 0 to 32 Gy, except for * and ** which were done at 0 to 8 and 0 to 4 Gy, respectively. r: coecient of the linear regression; P: level of signi®cance of the regression (Figure 1) , growth rate was reduced as compared to that of the control, in spite of an absence of detectable cell death (Table 1) . Using the in vitro cytokinesis block Mn assay, it was possible to estimate the proportion of cells undergoing mitosis by scoring mono-bi-and multi-nucleated cells (Figure 2 ), these data being complementary to standard cell cycle analysis which is not suitable for the detection of mitotic cells. The frequency of bi-nucleated cells at 24 h, arising exclusively from the ®rst division (Figure 2a ), decreased in a dose-dependent manner. For doses 52 Gy the percentage of bi-nucleated cells was stable at 48 h as compared to 24 h (Figure 2b ) indicating that this ®rst division was most probably due to cells which were in course of division at the time of irradiation, and which in spite of damages, as it could be seen by Mn frequency (Figure 3) , were able to progress to the next G1 or G2 phase. Mn originates from chromosome breakages that give rise to DNA material that does not segregate with the rest of the genome after mitosis, thus the presence of Mn in cells is an indicator of chromosomal aberrations that were not repaired until completion of mitosis. Because Mn were scored on intact binucleated cells arising from the ®rst division following irradiation, results were statistically interpretable for doses ranging from 0 to 4 Gy. For upper doses, the number of bi-nucleated cells was too low. As expected, we have found that after treatment, the mean number of micronuclei per bi-nucleated cells increased linearly with the dose (Figure 3 ). It has been proposed that p53 helps to maintain genetic stability by initiating transient G1 cell cycle arrest or G2 delay to allow time to repair DNA damages before cell entry into mitosis (Bunz et al., 1998; Schwartz et al., 1997) , or alternatively may induce cell death by apoptosis. For these checkpoints, p53 may act either as a transcriptional activator or repressor, according to the cell type, the nature of changes in gene expressions, and whether the cells are proliferating or not. In this lymphoblastoid cell line, which was wild-type for p53 (as determined by cDNA sequencing; data not shown), WAF1 mRNA was induced 30 min after treatment (Figure 4 ), supporting a model in which DNA damages induced by irradiation led to an elevation of p53 which then, through transcriptional activation of WAF1, provoked a G1 arrest. It has been shown that WAF1 could also be involved in p53 mediated G2 arrest (Agarwal et al., 1995) , and that DNA damage induced activation of p53 during late G1 failed to impede progress through S phase, but led to an accumulation of cells in G2-M phase. Because we worked on asynchronous growing cells, this scheme could explain our data showing that both G1 and G2-M arrest occurred 24 h after irradiation (Figure 1 ). More intriguing was the transient G1 delay and the persistence of the G2-M arrest since as soon as 48 h after irradiation, we observed an increased proportion of cells entered in S phase and a constant level of cells accumulated in G2-M (Figure 1) . The explanation could be that cells arrested in G1 were in early G1 stage at the time of irradiation, thus harboured fewer lesions within the DNA than cells which were irradiated during S phase or early G2, these later cells being arrested in G2.
Recently, it has been shown that p53 could also be a direct transactivator of BAX and could down-regulate BCL-2 transcription (Miyashita and Reed, 1995) , both genes coding for essential proteins involved in the regulation of apoptosis, Bax and Bcl-2 being pro-and antiapoptotic, respectively. Our data clearly indicate that following ionizing radiation BAX mRNA induction occurred in two waves at 24 and 72 h after treatment, at 48 h the mRNA level remaining at the basal level as in the control, whereas BCL-2 expression decreased 72 h after treatment in a dose-dependent manner (Figure 4) . Others found that BAX mRNA was rapidly induced within 4 h after irradiation in a dose-independent manner, and then decreased for doses 52 Gy, or remained stable up to 24 h for higher doses, while BCL-2 mRNA level gradually declined reaching a minimum at 44 h after treatment (Zhan et al., 1994) . In a medulloblastoma cell line, it was found a linear relation between induction of BAX mRNA and sensitivity to apoptosis 24 h after 5 Gy irradiation (Shu et al., 1998) . Both studies concluded that BAX appears to be a unique p53-regulated gene in that its induction by ionizing radiation not only requires functional p53 but also that the cells be apoptosis pro®cient' (Shu et al., 1998; Zhan et al., 1994) . For the apoptotic decision, it was shown that Bax homodimers promote apoptosis whereas Bax/Bcl-2 heterodimers counteract Bax mediated apoptosis (Oltvai and Korsmeyer, 1994) . So in our model, following irradiation cells died by apoptosis, and the balance between Bax and Bcl-2 could be an irreversible way which indicated to the cells to go to apoptosis, the second induction of BAX mRNA at 72 h concomitant with BCL-2 mRNA down-regulation giving stronger stimuli.
PCNA is involved in both cell proliferation by controlling DNA replication, and DNA repair, at the G1-S transition, and as a cofactor of DNA polymerase delta, respectively (Jaskulski et al., 1988; Nichols and Sancar, 1992; Shivji et al., 1992) . How the activity of PCNA switches from proliferation and DNA synthesis to cell cycle delay and the repair of damages is not well understood. We have found an induction of expression of PCNA mRNA 30 min after irradiation, as early as for induction of WAF1 mRNA, which then decreased to the basal level within 24 h and remained low up to 72 h. This induction was detectable for doses 54 Gy, suggesting that a minimal number of damages were required before this induction could take place. Our data show that the increase in PCNA transcription occurred for doses which led to a decrease in cellular proliferation and cell cycle arrests, thus indicating that the higher amount of PCNA mRNA was distinct from an elevation associated with progression into S phase. The precocity of this induction after irradiation and the parallel with WAF1 mRNA induction indicated that the promoter of PCNA could be transactivated by p53, but probably a threshold of DNA damages should be achieved within the cells. In this respect, Xu and Morris (1999) found that, 1 h after gamma irradiation (12 Gy) of rat embryo ®broblasts, a p53 dependent induction of PCNA mRNA and protein took place, and on human diploid ®broblasts similar induction was seen after UV irradiation (Zeng et al., 1994) . Inversely, by Western blot analysing of irradiated human lymphoblastoid cell lines, Wenz et al. (1998) found considerable changes in intranuclear distribution and complex formation of PCNA which are not associated with change in PCNA protein level. In fact, these results were not discordant with ours, since these authors checked PCNA expression following irradiation at 1 and 3 Gy, doses for which, similarly in our model, no PCNA mRNA induction occurred.
Twenty-four hours after irradiation, we also observed a decrease in LIG-1 and ICH1-L mRNA expressions (Figure 4 ). It could be linked, as for BCL-2, to a down-regulation by p53 following irradiation, but another possibility is that this down-regulation could be related to cell cycle delay. The relationship between LIG-1 with cell cycle is established, and it has been shown that LIG-1 mRNA is correlated with cell proliferation, its level of expression being low in non-proliferative cells (Teraoka et al., 1992) . Here we show that the decrease in mRNA level occurs within 24 h after irradiation, and remains at a low level up to 72 h (data not shown). This was observed even for low doses, which led to a limited cell cycle arrest (Figure  1 ), allowed cells to proliferate (Figure 2 ) and in spite of unrepaired DNA damage as seen by the micronuclei present in divided cells (Figure 3 ). So our data indicate that the decreased expression of LIG-1 was not entirely related to cell cycle delay and occurred following irradiation in a wild-type p53 context. Ich1, which is an eector of apoptosis, is among the ®rst caspases to be activated in response to apoptotic signals (Harvey et al., 1997) , and to date, no study has been carried out to evaluate its implication during radio-induced apoptosis. Two forms of ICH1 mRNAs are produced as a result of alternative splicing: ICH1-L and ICH1-S, which causes and prevents apoptosis, respectively. The precise nature of ICH1 alternative splicing and its regulation remain unknown. The involvement of a direct or indirect p53 regulation and/or cell cycle arrest on either the promoter of ICH1 gene or on the several splicing factors that could regulate ICH1 splicing is not yet known, but we have found that the expression of ICH1-L exactly paralleled the expression of BCL-2, which is down-regulated by p53. Whatever the mechanism, our results provide evidence that, in this lymphoblastoid cell line, irradiation leads to modi®cation in ICH1-S/ICH1-L ratio, that could be implicated in the apoptosis process.
Overall, data presented in this report demonstrate that in this lymphoblastoid cell line, up-regulation of WAF1, PCNA and BAX and down-regulation of BCL-2, LIG-1 and ICH1-L mRNA expressions were positively and negatively regulated in a dose-dependent manner. These variations of expression were signi®cantly correlated to phenotypic cellular responses such as cell growth, proliferation, cell cycle delays, apoptosis and Mn formation. Among these biological markers, WAF1, LIG-1, ICH1 and BCL-2 mRNAs as well as cell growth, bi-nucleated cells scoring and Mn frequency are relevant to assess cellular response following low doses, other markers being more relevant for higher doses. We are currently analysing if mRNA expressions could constitute tools to explain the huge variations observed in the response of tumours treated by radiotherapy and the individual polymorphism of the radiosensitivity of healthy people.
Materials and methods
Cell line and irradiation
The lymphoblastoid cell line, kindly obtained from Dr A Schmitz (CEA), was established by the French Human Polymorphism Center (CEPH, Paris, France), after EBV transformation of lymphocytes from an healthy donor. This cell line was chosen for its normal karyotype and its wildtype genotype for TP53. Cells were grown at 378C in 5% CO 2 in a RPMI 1640 Glutamax-1 medium containing 10% foetal calf serum, 2.5 mM sodium pyruvate, 20 mM HEPES and 100 Ul/ml penicillin/streptomycin (all provided by Life Technologies, France). Just before irradiation, exponentially growing cells were centrifuged and re-suspended in a fresh medium to a ®nal concentration of 4610 6 cells/ml. Cells were then immediately irradiated at 378C using a Co 60 irradiator at a dose rate of 2 Gy/min, doses ranging from 0.5 to 32 Gy. Just after irradiation, cells were quickly diluted in a fresh medium, to a ®nal concentration of 4610 5 cells/ml, and were then incubated for the indicated times at 378C, except for the ®rst kinetic point (0.5 h) which was directly frozen after dilution and centrifugation. Irradiation was twice repeated in independent experiments, and at all times and for all doses, each point was duplicated.
Cell death and growth
At appropriate times, dead cells were assessed by Trypan blue exclusion (Sigma, France), by counting a minimum total of 100 cells, and results at each time (t) were given as a ratio: dead cells (t)/total number (t)6100. Cell growth was calculated by making the ratio: viable cells (t)/number total of cells (t0)6100 (At each time, cell growth of the control being ®xed at 100%). Analysis was done in duplicate with two points for each dose and at each time.
Apoptosis
Apoptosis was analysed by the in situ TUNEL assay (APOBrdU Tm kit; Becton Dickinson, France) on cytospined cells prepared 72 h after irradiation. Slides were air dried for 24 h at room temperature, and were stored at 7208C until used. For each point, a minimum of 150 cells was scored.
Micronucleus assay
Micronucleus assay was developed according to the cytochalasine-B blocked assay elaborated on by Fenech and Morley (1985) . Just after irradiation, cells were washed in PBS, treated for 24 h with 5 mg/ml of cytochalasine-B (Sigma, France), centrifuged at 400 r.p.m. for 10 min, submitted to a hypotonic stress in 0.075 mM KCl during 20 s, and ®nally ®xed three times in methanol/acetic acid (3V/1V), (the ®rst bath during 20 s and then time is not crucial), (a centrifugation at 400 r.p.m. during 10 min was done between each ®xation). Fixed cells were then dropped on slides (two slides per point), air dried for a mininum of 24 h, and stained with eosin-hematoxyllin-giemsa. Mn were scored in intact binucleated cells, among 500 total cells. Experiments were performed in duplicate.
RNA extractions and semi-quantitative RT ± PCR
RNA and cDNA were prepared as previously described (Chevillard et al., 1996) . PCR conditions such as MgCl 2 concentrations, annealing temperatures and number of cycles were optimized for each gene in order to perform PCR in the linear part of ampli®cation (Chevillard et al., 1996 (Chevillard et al., , 1997 . Primer sequences, length of PCR products, MgCl 2 concentrations and annealing temperatures are summarized in Table 3 .
Twenty ml of PCR products were run on a 7% polyacrylamide gel or 2% agarose gels, depending on the size of the PCR products, at 100 V for 6 h in 16TBE buer and for 30 min in 16TEA, respectively. The image of the ethidium bromide stained gel was digitalized, using a digital video image analyser Imager TM (Appligene, France), and analysed using the NIH Image 1.44 b11 Macintosh software. For quantitation, serial dilutions of control cDNA were ampli®ed and migrated with all samples, allowing control of the linearity of the reaction and potential variations in the yield of ampli®cation between each experiment (Chevillard et al., 1996 (Chevillard et al., , 1997 . For a given gene, PCR signals were normalized as a function of the b2-microglobulin gene expression which re¯ects the initial amount of RNA, by making the ratio between the signal obtained for this gene and that obtained on the control standard curve for the same quantity of b2 (Chevillard et al., 1996 (Chevillard et al., , 1997 . Each RT ± PCR reaction was done in duplicate.
Cell cycle analysis
Cells were harvested by centrifugation at 1400 r.p.m. for 10 min, washed in PBS, ®xed in 70% ethanol and stored at 48C until the day of analysis. Cells were stained with propidium iodide (25 mg/ml) containing RNase (50 mg/ml) for 30 min at 378C. Samples were run on FACScalibur¯ow cytometer (Becton Dickinson, France), and at least 10 000 cells were analysed. Cell cycle analysis was done using Mod®t software (Verity, Becton Dickinson, France), cellular debris, ®xation artefacts and doublets were gated out with FL2-area and FL2 width parameters. b2.M: Beta 2 microglobulin; LIG-1: DNA ligase 1; ICH1-L and -S: ICH1 long and short forms; F: forward primer; R: reverse primer; sequences are given in the 5' ± 3' direction; oligonucleotide positions are given on the cDNA sequences with ATG numbered 1; PCR conditions are given in brackets: (annealing temperature ± MgCl 2 concentration in the 106PCR buer ± number of cycles ± size of the ampli®ed product)
